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分子モーターは第二種の永久機関?
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カーブの例を図 7に示す。試料と探針聞の距離を z、探針にはたらく力を Fとしてプロットしで
ある。 z= z 0は探針と試料が接触した点である。 z> z 0では、試料と探針が接触しておらず、


















アクチンフィラメントの標識には、 MolecularProbes社のAlexaFluor 488 Phalloidinまたは
Alexa Fluor 546 Phalloidinを用いた。
2.フィラミンの染色
フィラミンAの標識には、 1次抗体にCHEMICON社のmouseanti-human filamin monoclonal 




のAlexaFluor 488 goat anti-rabbit IgG(H+L)を用いた。


























































































(ρi2) = i(X1-XO)2 + (YI-YO)2} + {(X2-X1)2 + (Y2-Yl)2}+---{(X19-X18)2 + (Y19-Y山 (1) 
エ(ρi)
20 個の細胞全てについていのを求め、 (Pt~，吋時間 )=~=1 をりが 1時間の時の平均自乗変位と




time interval : 1 hour time interval : 2hours 
t1:(X1，Y1) 
図9 制Xo，~ours
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それぞれの細胞において、 0'"'-'20時間、 20'"'-'40時間、 40'"'-'60時間における平均自乗変位(pf)から
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平均 E(x)= exp(μ+σ2 12) 
分散 V(x)= exp (2μ+σ2 ) { exp (σ2 )一円
この式から求められる平均値E(x)と分散V(x)について、A7細胞とM2細胞を比較した(図18)。
* 




p < 0.05 
5 。 。 工三コ
A7細胞 M2細胞 A7細胞 M2細胞








































































































































Actin Filaments to Osmotic Stress 
Tadanao Ito & Masahito Yamazaki 
“Le Chatelier principle'にgovernedresponse of actin ruaments to 
osmotic stress 
Tadanao Ito *，t Masahito Yamazaki~ 
ABSTRACT 
Actin filaments inhibit osmotic s甘ess-drivenwater f10w across a semi圃permeable
membrane in poportion to the filament concen位ation(T. Ito， K.S. Zaner and T. P. Stossel， 
Biophys. J， 51， 745 (1987))， and when the filaments are crosslinked by F帽actinb加ding
protein， filamin A ， the flow is completely stopped (T. Ito， A. Suzuki and T. P. Stossel， 
Biophys. J， 61， 1301 (1992)). No conventional theory could account for these results. Here， 
we analyze them with formulating the en柱。pyof the system under the osmotic s仕ess，and 
show that the Le Chatelier princ伊legovems such response of actin filaments to osmotic 
S佐ess.That is， des仕oyingequilibrium by osmotic s位esstriggers a process in the F幽actin
solution which tends to reduce the applied osmotic disturbance through an increase in the 
chemical potential of F帽actin，and as a result it causes inhibitory effects on the osmotic 
s甘ess・-drivenwater flow. Such increase in the chemical potential may be attributed to a 
change泊configurationenergy of single actin filaments. 
1. INTRODUCTION 
Cells regulate their volumes under osmotic s佐essacross cell membrane primarily by 
adjusting membrane permeability to water and ions. Actin filament networks， which invest 
the periphery of many eukaryotic cells and con甘ibuteto cell rigidity， may also play a role in 
the reaction of cells to osmotic sなess，because networks of synthetic polymers are 
well醐analyzedto react to osmotic s位esswith changing their configurations to equilibrate the 
加lbalanceof osmolarityσlory [1]， Tanaka [2]， Ito et al. [3]). 
We previously demons仕atedthat actin filaments (F醐actin)retarded osmotically-driven 
water flow across a semi-permeable membrane (1ωet al. [4，5]). Two types ofinhibitory 
effects were observed. One， evident in uncrosslinked F -actin solutions， was proportional to 
the F -actin concen仕ationbut was independent of the polymer length. The second type was 
operative in networks of actin filaments crosslinked by Filamin A， which is a high molecular 
weight homodimer that promotes the perpendicular branching of F圃actin，thereby 
immobilizing individual act也filaments.In those networks， water flow completely stopped in 
the setting of the same osmotic sなessthat only slowed flow in uncrosslinked F岨actinsolution 
ofthe same actin concen仕組on>0.5 mglml. Although those results were very clear 
experimentally， we had litle understanding of why and how actin filaments respond to 
osmotic s甘ess也suchmanner as described above. We were therefore interested in elucidating 
mechanism of the osmotic behavior of F醐actin，and report in this paper the results of 
the~odynamic analysis on the mechanism， which we have studied by formulating entropy of 
the system under the osmotic s仕es.
2 
2.RESULTS 
A. Formulating entropy of osmometer system 
Figure 1 
Fig. l(a) is the schematic representation ofthe experimental system by Ito et al. [4，5]. 
The system is composed of two subsystem， i.e.， the F -actin solution in the osmometer vessel 
asthe “body" (I in Fig. l(a))， and the outside solution as the“medium" (I in Fig. l(a). The 
F醐actinsolution is separated from the outside by a high molecular weight cut酬off
seml圃permeablemembrane (M). In the experiments， the whole system (“body" and 
“medium") is in equilibrium initially under .，20 cmH20 of hydrostatic pressure， Prz， given 
by 20 mglml of membrane酬impermeabledex仕組(.....，40ゆ)included in the F-actin solution in 
I. Then， the equilibrium is des仕oyedby the addition of the same dexなanto the outside 
solution in I， which makes the imbalance of osmolarity between I and I. We represent this 
imbalance of osmolarity with the osmotic s柱ess1う，defmedby: 
Pf = Ph -RTI1C (1) 
where I1C isconcenなationdifference of the de蜘 anbetween I and I. The Pf values are 
changed by varying a concenなationofthe dextran in I. The equilibrium disruption induces 
water flow合omI toI ， which is quantitatively measurable 企omthe meniscus change in the 
capillary. The system reaches a stationary state within 10 min， accompanied by stationary 
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water flow， J w • Finally， the whole system atlains a new equilibrium state where water flow 
ceases前 Pj=0. 
In Fig.l (b)， we illustrated thermodynamic states which the system should take during the 
process described above. The whole system (1 as the “body" plus 1 as the “medium" in Fig. 
l(a)) is regarded as a thermally isolated closed system with a constant volume. st and Et are 
the total en廿opyand intemal energy ofthe whole system. The continuous line represents st 
泊equilibrium，which is a function of Et in isolated closed system with a constant volume. 
The point b corresponds to the norトequilibriumstate under consideration. At the point， the 
“body" is not in equilibrium with the “mediumヘandthe total entropy differs from its 
equilibrium valueSt (Et) for the same value ofthe total energy Et by some amount 
MtくO.The point a isthe fmal equilibrium state which the system reaches spontaneously 
along the verticalline ba， accompanied by the water flow企omthe inside to outside of the 
osmometer. In this case， the segment ba corresponds to圃 M t •The point c isdefmed as the 
crossing point between the continuous line of equilibrium and the line parallel to Et axis 
through the point b. As discussed below， the horizontal segment cb corresponds to the 
minimum work W min' which is required to bring the whole system to the point b企omsome 
equilibrium state. 
We can evaluate the total en仕opy M t ， according to Landau and Lifshitz [6]. Let us 
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assume that the whole system is initially泊equilibriumラandthen moves to a non圃equilibr旬m
state at the point b in Fig. l(b) through a work， W， on the “body" done by an“extemal 
source" which is thermally isolated from both of the“medium" and “body". In the process， 
the “body" also receives some amount of energy d.Q仕omthe “m~diumヘ and increases its 
intemal energy by filll. From the frst law ofthermodynamics， 
W = fil' -d.Q. (2) 
In the present case， the“body" is F -actin solution in the osmometer vessel and the“medium" 
is the outside solution. We may perform thermodynamic analysis of the system under the 
condition that pressure (Pl )，tempera加re(T') and volume (V1) ofthe F圃actinsolution are 
constant during the whole process， and also Ti = TO = T where TO is temperature of the 
outside solution. In this case， fil' and d.Q are: 
fil' = d.(T' S'-P'V' +μLnL+μjnj)=TM' +μLMHnLAμL+F1fAμj (3) 
d.Q=-TOMO - μ;AF1〉 JASo 十 μ~，1.n~ (4) 
where μwand μj are the chemical potentials of water and F -actin， respectively， nw and n j
are their numbers of moleculesラS'the en甘opyofthe F圃actinsolutionラandsuffix i and 0 
represent the inside and outside ofthe osmometer. The whole system ofF圃actinsolution (i.e.， 
the“body") plus outside solution (i.e.， the “medium") can be regarded as a thermally 
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isolated closed system. The law of increase of entropy shows that M 1 +ムSOミ0，because 
the entropy of thermally isolated source of work (i.e.， the “extemal source") does not vary. 
Thus，企omEq. 2-4， 
W=AEl_~Q 
=T(M1 +MO )+(凡 -μ~)~n~+ nf[l + (n~ / nf )(~μ;/Aμf )]~μf (5) 
W と Wmi112Aμw~~+ nf[l + (n~ / nf )(~凡 /~μf)]~μf (6) 
where ~μwμwμ~ . This W min corresponds to the segment cb in Fig. 1 (b). As evident in 
the figure， 
M t=ー(1/T)Wmin =一(1 /T){~μw~n~+ nf[l + (n~ / nf)(勾L/勾f)]勾f}
(7) 
F or an infmitesimal change in the state of the“body" ， 
dSt = ー(1 /T){~μwdn~+ nf[l + (n~ / nf )(d.μ~ / d.μf )]d.μf} (8) 
It should be noted here that the condition (M1 + MO) = 0 does not necessarily means that 
the F醐actinsolution (i.e.， the “body") is in equilibrium at every instant during the process， 
and this situation is reflected in the second term of Eq. 8. The intemal equilibrium condition 
ofthe“body" is obtained by setting this second term as zero， which leads to Gibbs帽Duhem
6 
relation. 
B. Effects of F圃actinon stationary water sow 
Figure 2 
In Fig. 2， we summerize the results of experiments by Ito et al. [4，5] of the stationary 
water flow J w from F回actin叫 utionsat various intensities of osmotic sなessPf・Asevident 
in the figures， the following relation holds between J w and Pf・
Jw ぽ (1-&)Pf
& oc Cf 
(9) 
(10) 
where C f is weight concenなationofF晒actin.& in Eq. 9 was independent of filament length， 
varied by reacting reacting actin filaments with the actin severing protein gelsolin. Thus， 
interfilament interactions may not account for the effects ofF圃actinonJw・Nonfilamenteous 
actin (0圃actin)or dex仕anused in the experiments had no effect on water flow at any 
concentration used (:; 10 mg/ml for O-actin，壬20mg!ml for the dextran). 
As J w is proportional to the difference in the chemical potential of the water between 
the inside (μ~ ) and outside (μ~ ) ofthe osmometer， the following relation is derived企omEq.
9 (Kachalsky and Curran [7])， 
企μw-μwμ~ = V w(l-ε)Pf 、 、 ? ，??????，?
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where V w is parial molar volume of water. Eq. 11 means that the retardation of the osmotic 
s甘ess圃inducedwater flow is due to a decrease in the chemical potential difference of water 
caused by the presence of F輔actin.This raises a question; why does F圃actincause this 
decrease? Let us ask this question to the entropy formula ofEq. 8， where we introduce the 
following signs， iム xgnL，y言 μf'and 
X喜一8St/8x = (1/ T)d.，μw 
(12) 
Y呈 -8St/砂=n f [1+ n~ / n f( d，μ~ / d，μf )] 
According to Eq. 8， Y = 0 is the condition of intemal equilibrium ofthe F岨actinsolution itself， 
and X = 0 and Y = 0 is a necessary condition for equi1ibrium of the whole system. Under the 
equi1ibrium of the whole system， S t has its maximum value， and so the following conditions 
should be satisfied (Landau & Lifshitz [6]): 
。)}{/dx)y>0， (8Y/今)x> 0， (8X / dx)y(δY/砂)x-(8X /砂)x2> 0 
。)}(/ 8x)y=o = (8X / dx)y -(8X /砂)x2/(8Y /砂)x> 0 
Thus， 






Here， let us des柱。yequi1ibrium between the F-actin and outside solutions by breaking 
8 
osmotic balance between them. The whole system goes to a non輔equilibriumstate at b in Fig. 
1 (a). The qua凶ityx = n~ will be deviated from the equilibrium value by Llx = ~~ . 
y呈 μj is not directly a妊ectedby it in this case， and the condition X = 0 no longer satisfied. 
Then the change in X at the instant of breakage of the equilibrium is 
(M)y = (aX / 8x)yLlx = (1 /T)(a~μw /an~)y~~ (17) 
The change in x at constant y leads to a violation of the condition Y = 0 ， i.e. of intemal 
equilibrim of the F -actin solution. When the intemal equilibrium is again restored， 
X = Mwill be 
(M)y=o = (ax /ゐ)y=oLlx = (1/ T)(δ勾w/ an~)y=o~~ (18) 
~μw in Eq. 17輔18is the deviation from its equilibrium values at c. We may approximate 
this to the deviation 企omat a， because in the present experiments the point b isnot far企om
the equilibrium line， and so difference in tempera加resbetween a and c should be so small1 
that we may regard each value of the individual chemical potentials to be the same at either 
equilibrium state under the same pressure2• Thus， from Eq. 16， 
¥(M)y¥ > I(M)y=ol 





where Pj is the appliedωm伽 S甘essto break the osm伽 b伽 ce.¥(押川 inEq. 21 is the 
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di首位enceof water chemical potential in the F輔actinsolution企om出atof the outside solution 
Jl胤 afterthe breakage of the osmotic balance， and I(~.μw)y=ol is the di妊erenceafter restoring 
the intemal equilibrim of F岨actinsolution. This result agrees with what so酬calledLe Chatelier 
princ伊leindicates， thatお，an external interaction that disturbs the equilibrium triggers a 
process in the bo砂whichtends ωreduce theそ砕cts01 this interaction. In the present case， the 
disturbance by the osmotic s住esstriggers a process that varies the chemical potential of water 
in the F輔actinsolution to reduce its effect (Eq. 11). 
This osmotic sなes鉛s-舟.
solution may relate to an increase in the chemical potential ofF-actin as follows. The water flow 
in Fig. 3 is stationary flow企omthe F圃actinsolution in which the intemal equilibrium is 
established， but equilibrium with the outside is not (i.e.， Y = 0 ， X "*0). The condition Y = 0 
leads to: 
nLdμL+F1fdμf =0 (22) 
so that 
? ?? ?????????????? (23)3 
where ~メl~ and ~μf are the deviations of the chemical potentials of water and F -actin泊the
F咽actinsolution企omthose at the whole equilibrium state (i.e吋 X=oラ Y= 0)， respectively. 
10 
According to Eq. 21 and 23， we may describe the di狂erenceof the chemical potential of water 
between the inside and outside of the osmometer at the stationary state， (~ん )y出o as: 
(~ん)y=o= V WPj + 企μ~= V w (1-[n j ]~，μj / Pj )Pj = V w(1-s)Pj (24) 
where 
0< s = [nj ]~，μj / Pj < 1， (25) 
and [n j] is the concen位ationof F-actin. Eq. 24-25 indicate that the decrease in water 
chemical potential at the stationary state relates directly to an increase in F圃actinchemical 
potential. Hence， itmay be reasonable to consider that the increase in the F圃actinchemical 
potential is triggered by the osmotic stress at frst， and as a consequence of itthe chemical 
potential of water decreases at the stationary state. 
Aμj / Pjin Eq. 25 is expected to be constant at the stationary state， because near the 
equi1ibrium a linear relationsh中between~メij and Pj may hold， and furthenr削 e，~μf 
should be independent of F四actinconcen佐ation，because no filament圃filamentinteraction 
contributes to it， asdiscussed in the next section (see Eq. 26). In addition， the chemical 
potentialofF岨actinis proportional to， and the filament number is inversely proportional to 
the filament length. Thus，ε 加 Eq.24 is linearly proportional to mass concentration of 
F圃actin，as shown experimentally in Fig. 3 (b). 
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c. Mechanism of chemical potential change 
From the discussion above， itis clear why the actin filaments change their chemical 
potential in response to osmotic s仕ess，but stil unclear how the filament can change it at 
constant T without any change in the direct interactions with the solvent. We shall address 
this question next. 
The applied osmotic s佐essbrings the F岡actinsolution into a norトequilibriumstate under 
constant temperature and volume， and the chemical potential of F圃actinwill be deviated 
企omits value in the equilibrium of whole system by ~，μf ・ Inthis case， ~.μj is a function of 
the deviation of energy of the F幽actinsolution， M. Such M should be solely due to a 
change泊 configurationenergy of the single filaments， because the osmotic s甘essvanes 
neither interaction between the actin filaments， nor between the filament and solvent. In 
addition， such a change in the configuration of the single filaments as induced by the osmotic 
S佐essis expected not to alter interfilamet interactions ignificantly. These results allow us to 
assume a Boltzmann distribution of the single filaments on their configuration energy. Thus， 
E = LSk exp(μj -S k ) / kT ， where S k is an eigen value of configuration energy， and 
E=nj <ε> and M=nj企<S > ， where < S > and ~ < S > are the average 
configuration energy per single filaments in the equilibrium of whole system and its 
deviation in the non四equilibriumstate under consideration， respectively' . In this case， ~.μf lS 
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represented by: 
AメJ1= (8，μ118E)v，Td.E口 (kTI E)V，Td.E口 kT(1 < e > I < e >) . (26) 
where (みJ1 18E)v，T = (kT I E)V，T' derived 合omE of the above Boltzmann dis仕ibution.Eq. 
26 indicates that the chαnge in the chemical potential 1，μj is solely due to a change in the 
average configuration energy of the filament， independently of its concentration. 
According ωthe analysis by Engelmann et al. [8， 9]of the variations in crossover spacing 
泊act也filamentsobserved in electron micrographs， a random deviation of "，100 (rms) exists 
in the angular position of the nearest neighbors of each subunit of actin filament. This result 
indicates that the position of the individual subunit molecules in the filament could be 
thermally fluctuated with changing the filament configuration. Such thermally圃activated
change in the configuration may make it possible to vary the chemical potential under the 
osmotic sなessby the way as described above. 
D. Process of chemical potential decrease of water by F -actin 
Figure 3 
As discussed above， des仕oyingthe equilibrium through disturbance by osmotic s位'es
activates a process that increases the chemical potential ofF圃actinso as to reduce the applied 
disturbance. Fig. 3 represents a plausible scheme of that process. At the equilibrium state 1， 
theF聞actinsolution is in equilibrium with the outside solution. Destroying the equilibrium 
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by osmotic狩 ess}号5cau蹴 t也hes可yst匂em削 tωocぬ}註lan
by an increase in the chemical pot旬en成ti均alofF帽-acti泊n，~μf (step 1). In the following step (step 
2)， the F圃actinsolution spontaneously goes to the stationary state II， atwhich the solution is 
equilibrated with itself， but not with the outside (i.e.， X * 0， Y= 0) . Then it proceeds to the 
fmal equilibrium state IV (i.e. X = 0， Yロ 0)，accompanied by water flow to the outside 
solution (step 3). 
We may assess the conditions under which the above process can proceed， by evaluating 
en仕opyproduction of the F帽actinin the individual steps. At state 1， the chemical potential of 
water in the F酬actinsolution does not di妊er合omthat of the outside solution as the “mediumヘ
but at state I託di貸出合omth瓜 byV wPf・Hence，some work4 (W') must be done on the 
F圃actinsolution in step 1. This work corresponds to the work to甘ansportn~ moles ofwater 
across their chemical potential di民間nceof V wPf， and it should be la培erthan the work， w 
to仕ansportthem reversibly: 
w= (27) 
In this case， the entropy production of the F圃actinsolution (~iS) in step 1 ispositive under 
白esame condition given by Eq. 25， i.e.， [nf]~μf <1う;
T~iS =TM-~Q= W'一(M-TM)ロ W'-nfathμf
> V wn~(Pf -[nf]企μf)> 0 (28) 
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Therefore， the increase in the chemical potential ofF -actin less than Pf /[ n f ] may occur with 
transition from state 1 tostate 1， satisfシingthe condition in Eq. 25. 
In step 2， the F幽actinsolution in the norトequilibriumstate 1 (i.e.， X *-0， Y *-0) goes to 
the stationary state 11 (i.e.， X*-0， Y = 0) ， inwhich the solution is equilibrated with itself 
through a change in the chemical potential ofwater， L\•μ:. As the chemical potential ofwater 
is assumed not to vary in step 1， this change也thechemical potential in step 1 should be 
equal to the deviation of the chemical potential in the stationary state 11 from that in the 
equilibrium of whole system， and so the same relation as Eq. 23 (i.e.， the Gibbs岨Duhem
relation) holds between L\•μw andL¥μf・Thus，
TL¥iS = Td.S -L¥Q = Td.S -f1E = -n~L\μhnfAμf > 0 (29) 
Therefore， the process in step 2 may spontaneously proceed， and the chemical potential of 
water gets equal to the stationary value at state 11， asrequired. 
Consequently， the scheme in Fig. 3 accounts for how the chemical potential of water is 
decreased by the presence ofF帽actin，without any con位adictionto the analytical results in the 
previous sections. 
E. Effects of crosslinking of actin filaments on water sow 
Figure 4 
If the stationary water flow at state 11 in Fig. 3 isenergetically unfavorable， no water 
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flow should be induced， i.e. & = 1 inEq. 9. This might be the case of F醐actinnetworks 
crosslinked by filamin A. In those networks， water flow completely stopped in the setting of 
the same osmotic s仕essthat only slowed flow in uncrosslinked F岨actinsolution of the same 
actin concen甘ation>0.5 mg/ml， asshown in Fig. 4(a) (lto et al. [5] ). 
The crosslinking by filamin A makes the individual actin filaments immobi1e in the 
solution. Consequent1y， ifwater flow occurs with stabi1ity of the network structure being 
kept， itwould separate the network into two phases， one of which is“filaments in water" 
with the chemical potential ofμf and the other “自lamentsexposed to air" with the chemical 
potential ofμf' of different value. In this case， the en仕opyproduction lJ.iS accompanied 
by the water flow IJ.nw is represented by: 
Atszー (1/T)(勾 w!J.nw+ IJ..μf' IJ.nf ') =一(1/T)(勾 w -v w [ n f ]IJ.μf ')lJ.nw (30) 
where !J.n f' is an increase in the number of the filaments exposed to air which is caused by 
企nw'and IJ.μf'zμf一μf・Thecondition required to have such water flow is lJ.iS > 0， and 
combination of it with Eq. 21 gives a condition that: 
Aμf'<1J.μw / V w [ n f] < Pf /[ n f ] (31) 
Let us estimate the numerical values ofboth必esof Eq. 31 under the conditions of Pf = 
20 cmH20 and 2 mglml actin filaments with a length of 1μ.m.号/[n f]in the right hand is 
directly calculated -2.4 x 10・17J/single filament. IJ..μf' in the left hand is evaluated as 
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follows. The hydrophilic surface of the filaments with a radius of 4 nm exposed to air may be 
covered with a thin capillary water layer with a radius approximately the same as F圃actin，i.e.， 
---4nm. In this case， surface tension of the water layer， the coe節cientofwhich is 7x10・2N/m，
adds to the filaments an ex位aenergy of --2.4 x 10・15J/single filaments， --10 times larger 
than that of 1う/[n f]' Consequently， so long as the crosslinked network s加 ctureis 
thermodynamically stable under the osmotic sなess，no water flow could be induced， that is， 
the condition that X = 0 and Y = 0 must hold under the osmotic s仕essin this case. This 
condition may be attainable by counterbalance of the osmotic sなesswith a change in the 
chemical potential of ドactin，i.e. Pf = [nf]~μf' That could be actually fulfilled泊 the
networks of actin filaments crosslinked by filamin A， and as the result no water flow is 
observed企omthe networks， asshown in Fig. 4(a). 
It is worth noting that， insuch a case， massive energy is stored in the network s佐uc印re
under a moderate condition. The企eeenergy stored per single actin subunits of the network， 
which is calculated from ~μf /360 in the case of 1Jlm F-actin， is6 x 10帽13erg under the 
above condition. This is almost equivalent to the free energy stored by single ATP molecules. 
As a result， the F -actin network under the osmotic sなessshould be at meta-stable state. So， 
the network s佐uctureswill be broken， ifintensity ofthe osmotic s位essexceeds some critical 
value. In fact， in2 mg/ml F圃actinne同Torkcrosslinked by filamin A at a molar ratio to actin 
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subunit of 1 :340， an emergent water flow with “infmite" rate was observed at the osmotic 
s甘essof 40 CmH20， presumably resulting 合omcollapse of the network structure by the 
osmotic stress， though no water flow was induced at the osmotic s仕essless than that (Fig. 
4(b)). 
3. DISCUSSION 
A. Le Chatelier principle圃governedF -actin response to osmotic stress 
The second law of thermodynamics圃ruledLe Chatelier princ伊le，which is formulated as 
“an external interaction that disturbs the equilibrium triggers a process的 thebo砂which
tends ωreduce the々がectsofthおinteraction"， has been well recognized in the response of 
thermodynamic system to various interactions that disturb its equilibrium. In this report， we 
have shown that the Le Chatelier princ伊legovems such response of actin filaments to 
osmotic s住essas shown in Fig. 2. Fig. 3 displays the plausible scheme of the process that is 
activated in F -actin solution by osmotic sなess.We may realize what the Le Chatelier 
princ伊ledemands in step 2 of the process， as follows. From state I to state IV，何'0
altemative paths are possible through two di笠erentstationary states， one of which is the 
stationary state with d，μf > Oandμw-μ~ -V w[nf]dμf (state II in the figur吟，the other is 
thatwith dμf = 0 andμw 口 μ~. The system should undergo the same free energy change of 
-nfAμf along either path to lead to the individual stationary states. In this case， the factor 
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that determines which path to take is which path can satisち，the demand of the Le Chatelier 
princ伊le.As the result， the preferred path is the one that passes through the stationary state 
with a smaller chemical potential difference ofwater (i.e. state II)， resulting in reduction of 
the applied disturbance by osmotic s仕essin accordance with the Le Chatelier princ伊le.
B. Mechanism of F帽actinresponse to osmotic stress 
As shown by Eq. 26， actin filaments vary their chemical potential in response to osmotic 
s佐'es with changing their configuration energy < & > . According to a F ourier 
なansformationanalysis by Kas et al. [10] of single filament dynamics of fluorescent幽labeled
F圃actinin ex位emelydilute solution， undulation of the filaments is not a simple企eebending 
motion， but is the one res佐ictedby tensions， especially in the filaments longer than ，. 1μm. 
These results indicate that the single filaments in solution may take various configurations of 
different energies. Hence， the average energy < & > may vary under the osmotic s位。swith 
changes in the configuration that the actin filaments take as average. As the result the 
chemical potential of F -actin may also vary， according to E弓・26.
On the other hand， polymers with rubber elasticity could not change their chemical 
potentials at constant T， because their average energy depends only on T， and so L1 < & >= 0 
恒 Eq.26. Also， monomeric proteins like G圃actinmay not change its chemical potential， 
because their conformation is so stable that they may not vary it under the osmotic sなess，1.e，
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d < 8 >= o.SO， Eq. 26 explain why only filamentous actin but neither nOIトfilamentous
G輔actinnor dex住anis osmotically active against the osmotic s甘es.
c. Biopolymer networks 
Polymer networks respond to osmotic s位essso as to equilibrate osmotic imbalance 
between the inside and outside ofthe network. In a network ofpolymer with rubber elasticity， 
a change in the configuration enか'Opyof the network s仕組dsis dominant in that equilibration， 
so that a large change in the volume of the networks occurs in response to the osmotic s位ess
(Flory [1]， Ito etal. [3]). On the other hand， inthe network ofF-actin filaments a change in 
the configuration energy of the network sなandsis dominant as discussed in this report， so
that the equilibration can be established without any significant change in the volume of the 
networks (Fig. 4(a)). Such a response to osmotic stress as F剛actindisplays may be 
characteristic of networks ofbiopolymers made of subunit proteins. In fact， we observed that 
networks of an intermediate filament of vimentin respond to the osmotic s甘essin a similar 
way ωF圃actin(data not shown). This type of response of biopolymer networks may have 
certain physiological implications. Cells of mammalian organisms may be constantly 
subjected to fluctuation in osmotic pressure that is the cause of cel swelling or shrinkage， 
and these biopolymer networks in the periphery of the cells could constitute a relatively 
S佐ongbuffer against such fluctuations to avoid any significant change in the volume of cell. 
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t To whom correspondence should be addressed. 
lThe slope of S t vs Et curve泊Fig.1 (b) represents the inverse of temperature倒thepoint， 
and so tempera加redi狂erencebetween the two close points is negligible. 
2No chemical potential change occurs along a reversible process under constant P and T. 
3Eq. 23 is derived under the assumption that n~ is constant， since the deviation of n~ from 
its equilibrium value is negligibly small (i.e.， ，.5%)也thepresent case. 
4The source ofthis work should be企eeenergy decrease of the outside solution as the 
“medium"， which results 仕omdissolution of the dex仕組tomake the osmotic imbalance. 
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FIGURE LEGENDS 
FIG 1. (a) Schematic representation ofthe experiment system by Ito etal. ([4，5]). 1: sample 
solution ("body"， '"- 1.5 ml)泊osmometervessel with a capillary of 1.3 x 10・2cm-diameter. I: 
outside buffer solution (可nediumヘ'"'-'50ml).M: molecular weight cut咽offsemipermeable 
membrane. Ph isequilibrium hydrostatic pressure. Dextran: membrane輔 impermeabledextan 
added to I to make the osmotic s仕ess.(b) Entropy， Stof the system in (A) as a function of 
the energy， Et. The continuous line represents the equilibrium en佐opy.The ba segment of 
the vertical hatched line corresponds to the di旺erenceof er位。pyMt between the 
non圃equilibriumstate under consideration (b) and the fmal equilibrium state (a). The bc 
segment of the horizontal hatched line corresponds to the minimum work， W min done on the 
“body" by extemal source to bring the system to b. See the text for detail. 
FIG 2. (a) Dependence of osmotic stress剛inducedwater flow on F圃actinconcentrations. The 
water flows Jw of various concerr協 tionsofF醐actinare plotted against he osmotic s仕ess，Pt 
The concerr甘ations紅e0 mg/ml (0)， 1.0 mg/ml (・)， 2.0 mg/ml (口)， and 3.3 mg/ml (.). (b) 
Dependence ofιderived from the slope of Pfversus ~内 ondifferent F帽actinconcentrations. 
From the data ofIto et al. [4，5]. 
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FIG 3. Plausible scheme of the process that is activated in下actinsolution to decrease 
chemical potential of water.μw is the chemical potential of water in the F圃actinsolution in 
the state indicated above and L1J1f deviation of the chemical potential ofドactin企omthat in 
the whole equilibrium. Pf is osmotic s柱essapplied to the system to des仕oythe initial 
equilibrium. ~~ is a change in moles ofwater in the F同actinsolution in the individl凶 steps.
See the text for detail. 
FIG 4. (a) Concenなationdependence of 8 of F -actin networks crosslinked by filamin A at a 
molar ratio of 1 :340. From the data oflto et al. [5]. (b) Abrupt change in meniscus observed 
in 2mglml F帽actinnetwork in (a) at the osmotic s仕essof 40 cmH20. The F嗣actinnetwork 
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